Background. Routine vaccines may have nonspecific effects on mortality. An observational study found that OPV given at birth (OPV0) was associated with increased male infant mortality. We investigated the effect of OPV0 on infant mortality in a randomized trial in Guinea-Bissau.
not review the possible NSEs of OPV. OPV has been associated with lower infant mortality and morbidity, both in Guinea-Bissau [19, 20] and elsewhere [21, 22] .
From 1985 to 2010, WHO recommended that OPV be given at birth or at first contact with the health system in low-income countries [23] . OPV given at birth (OPV0) remains the policy in countries at high risk for polio infection, including GuineaBissau. During a randomized trial of neonatal vitamin A supplementation conducted from 2002 to 2004 in Guinea-Bissau, the country experienced a period with a shortage of OPV; a total of 962 trial participants did not receive the recommended OPV0. Surprisingly, boys who missed OPV0 had significantly lower infant mortality compared with boys who received OPV0 (adjusted mortality rate ratio [MRR] , 0.35 [95% confidence interval {CI}, .18-.71]) [24] . The tendency was opposite for girls (adjusted MRR, 1.14 [95% CI, .70-1.89]); thus, the effect of OPV0 differed significantly between boys and girls (P = .006). Receiving OPV0 was also associated with reduced immune responses to BCG in both sexes [25] .
Based on these observations, we undertook a comprehensive evaluation of OPV0. Polio cases have not been reported in Guinea-Bissau for several years, and with the potential negative effect of OPV0, it was justified to assess the effect on infant mortality of OPV0 by randomizing neonates to OPV0 or no OPV0 with BCG at birth. We hypothesized that boys would benefit from not receiving OPV0, whereas girls would benefit from OPV0, and that the combined effect of a sex-differential policy would be at least a 30% reduction in infant mortality.
METHODS

Setting
The study was conducted at the Bandim Health Project (BHP) in Bissau, Guinea-Bissau. BHP runs a Health and Demographic Surveillance System (HDSS) in 6 suburban areas covering approximately 103 000 inhabitants. BHP assistants visit all houses in the study area monthly to register pregnancies and births. Children are followed every 3 months the first 3 years of life. The BHP has a team at the maternity ward of the National Hospital, where many women from the HDSS give birth. This team vaccinates all children before discharge. Furthermore, BHP assistants are placed at the 3 health centers in the HDSS area, where women who deliver at home typically come for the first vaccinations.
Participants
Neonate males and females with a birth weight of at least 2.5 kg, not older than 1 month at first vaccination contact, and living in the HDSS area, were eligible for enrollment. Sick children or children with malformations were not enrolled but referred for treatment. Children were invited to participate at discharge from the hospital, or, if delivered elsewhere, when they came to get their first vaccinations at the health centers in the area. All eligible children had access to free medical consultations and essential drugs if ill, regardless of participation in the trial.
Randomization
A trained BHP assistant gave the mother/guardian an oral and written explanation of the study. Mothers/guardians who provided oral and written consent drew a lot from an envelope containing 24 stapled lots; 12 lots were marked "BCG," 12 "BCG OPV." The study supervisor prepared the envelopes; there were separate envelopes for boys and girls. Same-sex twins were allocated the same treatment to avoid confusion.
Children randomized to OPV received 2 drops of the vaccine orally immediately after randomization. There was no placebo or blinding. Guinea-Bissau does not have a central vaccination registry, so it was important that the vaccination card contained the correct information if a child moved from the HDSS area.
All infants were vaccinated intradermally in the upper left deltoid region with 0.05 mL of BCG vaccine (Statens Serum Institut, Copenhagen, Denmark). All mothers were encouraged to take their children to receive recommended vaccinations with OPV and pentavalent vaccine (DTP, Haemophilus influenzae type b, and hepatitis B) at 6, 10, and 14 weeks of age.
At enrollment, anthropometric measures were obtained, and an interview was conducted. Children enrolled at the hospital were examined clinically. All enrollment data were doubleentered and all data were checked for outliers. Information on socioeconomic factors was obtained from the HDSS.
Follow-up
All enrolled children were followed through the HDSS every 3 months and received a study-specific visit by a BHP assistant at age 12 months. Children who moved within the HDSS were visited at the new address.
During the study period, the Ministry of Health in GuineaBissau conducted 7 national OPV campaigns (6- [26] . Hence, to estimate the effect of OPV0 in the absence of OPV campaigns, we censored all subsequent follow-up on the first day of the first campaign occurring after enrollment of a child. In 2 campaigns, we interviewed about participation; 92%-95% of infants had received OPV during the campaign.
Outcomes
The main outcome was overall mortality (excluding accidents) within the first 12 months of life. In addition, we analyzed the "pure" effect of OPV0 on survival from enrollment to age 6 weeks, before controls were likely to receive the first routine OPV. Furthermore, the protocol specified that if large campaigns were conducted during follow-up, analyses would also be conducted with censoring for such campaigns. Thus, we analyzed the impact on infant mortality with censoring for subsequent national OPV campaign, as OPV campaigns could potentially neutralize any differential effect of OPV0. During the conduct of the trial, there was also a national MV campaign (December 2009) and an H1N1 vaccine campaign (October 2010), both targeting children aged 6 months to 5 years. In additional analyses, we censored for these campaigns.
As described in the Supplementary Material, we also followed subgroups for possible adverse events until 31 days, and growth was assessed by anthropometry at 6 weeks, 6 months, and 12 months of age ( Supplementary Figures 1 and 2 ; Supplementary  Tables 1-3) .
Outcomes related to antibody responses to OPV, thymus growth, and the response to BCG vaccine have been reported elsewhere [27] [28] [29] .
Sample Size Considerations
Assuming a significance level of 95% and 80% power, and with an expected infant mortality rate of 50 per 1000 participants among normal-birth-weight infants (≥2.5 kg), we needed 2970 children in each group to detect a 30% reduction in infant mortality associated with boys not receiving OPV0 and girls receiving OPV0. With an expected loss to followup of 15% due to migration, we needed to recruit 7000 children. 
Statistical Methods and Analyses
One child died in an accident and was censored. The remaining deaths were all considered due to infectious diseases. We used Cox regression to calculate hazard ratios (HRs) for mortality with 95% CIs. Age was used as the underlying time and was thus inherently controlled for. Tests for proportionality of hazard rates were computed using Schoenfeld residuals and by visual inspection of the cumulative risk curves, which were drawn using the Kaplan-Meier method.
The overall analysis was performed with follow-up to age 12 months. We furthermore conducted the analysis with censoring at age 6 weeks and with censoring for national campaigns.
After the first "natural experiment" where OPV was missing in 2004 [24] , there was another small similar "natural experiment" in 2007. In this second natural experiment [30] , we found a significant interaction between OPV0 and age at administration (≤2 days, ≥3 days). Hence, after the protocol was written, but before the enrollment for the present trial had ended, we decided to investigate this potential effect modifier. We used the cutoff used in the previous study; in a sensitivity analysis we tested other cutoffs from day 1 to day 7.
As prespecified, all analyses were done overall and stratified by sex. Statistical analysis was performed using Stata software version 11.2 (StataCorp, College Station, Texas).
Ethical Considerations
The Guinean Ministry of Health's Research Coordination Committee approved the protocol, and the Danish Central Ethics Committee gave its consultative approval (number 2008-7041-122). The trial was registered at ClinicalTrials.gov (NCT00710983). The trial was monitored by a data safety and monitoring board (DSMB).
RESULTS
Enrollments started on 4 July 2008 and ended 23 October 2011.
Among 7073 children invited to participate, 7012 children were enrolled, and 6991 children contributed follow-up time. The loss to follow-up was similar between the 2 randomization groups (Figure 1 ). The groups did not differ with regard to baseline characteristics (Table 1) , and all analyses were done without adjustment.
Based on previous observations [31] , we anticipated an infant mortality rate of 50 per 1000 participants. However, during the study period, infant mortality declined to 26 per 1000 personyears. This reduced the power to detect a difference between groups. An interim report for the DSMB showed significantly higher mortality among children randomized to BCG only. As this was in favor of current policy, the DSMB recommended that the number of participants not be increased to compensate for the lower mortality. With follow-up of all children to age 12 months, the difference between the randomization groups was no longer significant.
Primary Outcome: Infant Mortality
Within 12 months (mean duration of follow-up, 328 days), 73 died in the BCG + OPV0 group and 87 died in the BCG-only group. Comparing BCG + OPV0 and BCG only overall, the HR was 0.83 (95% CI, .61-1.13; Table 2 ).
Age at Enrollment
The HR (with full follow-up and no censoring) for BCG + OPV0 vs BCG only among children enrolled during the first 2 days of life was 0.58 (95% CI, .38-.90), whereas for children enrolled at ≥3 days, the HR was 1.26 (95% CI, .79-2.00) (P for interaction = .02) ( Table 3 ). In the sensitivity analysis, the pattern was the same for all cut-points during the first week; the strongest differential effect was found for children enrolled within the first 3 days of life (Supplementary Table 4 
)
Censoring at Age 6 Weeks Within the first 6 weeks of life, before children were eligible for receiving routine OPV with pentavalent vaccine, males had much higher early mortality rates than females in the BCG-only group, and a nonsignificant 2-fold mortality reduction from OPV0, whereas the effect of OPV0 was limited for girls (Table 2) .
Censoring for OPV Campaigns
Within censoring for OPV campaigns (mean duration of followup = 163 days), 41 died in the BCG + OPV0 group and 60 died in the BCG-only group. Comparing BCG + OPV0 and BCG only, the HR was 0.68 (95% CI, .45-1.00): 0.55 (95% CI, .32-.95) for boys and 0.87 (95% CI, .48-1.56) for girls, with no evidence of interaction between OPV0 and sex (P for interaction = .26; Table 2 ). The cumulative mortality curves, overall and for boys and girls separately, are shown in Figures 2A-C.
Censoring for Other Campaigns
Further censoring for the effect of the general MV and H1N1 campaigns did not affect the HR comparing BCG + OPV0 and BCG only; it was 0.75 (95% CI, .50-1.12): 0.56 (95% CI, .32-0.97) for boys and 1.10 (95% CI, .59-2.05) for girls.
Follow-up for Short-term Morbidity and Growth
During the first month postenrollment, the 2 randomization groups had similar incidence of reported illnesses, use of medication, health center consultations, and increased temperature (Supplementary Table 2 ). Adjusting for the anthropometric status at enrollment, most anthropometry indicators were insignificantly better in the BCG + OPV0 group at 6 weeks of age, particularly for males (Supplementary Table 3 ). There were no differences at age 6 months (Supplementary Table 3 ) and age 12 months (data not shown). In the anthropometry cohort, the BCG + OPV group tended to have better survival than the BCG-only group, the difference being statistically significant at 6 months (HR, 0.29 [95% CI, .11-.79]), also separately for boys (Supplementary Table 3 ).
DISCUSSION
Contrary to our initial hypothesis, both male and female children who received OPV0 with BCG tended to have better survival than those who received BCG only. As in a previous study, receiving OPV0 within the first days of life appeared to be associated with the strongest benefits. Many OPV campaigns occurred during the trial; when censoring for these campaigns, the beneficial effect of receiving OPV0 was borderline significant overall and significant separately in males. Although the power was reduced, the same tendency was seen when limiting the analysis to the period before 6 weeks of age, that is, before any children had received additional routine vaccinations.
One strength of our study was that the trial extended over 4 calendar years, making it less vulnerable to fluctuations in mortality rates that may have affected previous natural experiments [24, 30] . All analyses were prespecified before trial completion.
The trial setting necessitated a simple randomization procedure. The teams were carefully supervised, and every month we checked for imbalances between randomization groups with respect to age, place of inclusion, and anthropometric measures; we found no evidence of flaws.
A weakness of our study is that it was not blinded. However, health workers in the area were unaware of the study hypothesis and were unlikely to be influenced when treating the children. The outcome assessment was carried out by assistants unaware of the vaccination allocation. Hence, we do not believe that the lack of blinding affected the results.
In addition, national OPV campaigns could have led to environmental acquisition in children born in the period after a campaign. It is likely that, in a population-dense urban setting, indirect vaccination also occurs in the absence of OPV campaigns, through close contact with newly vaccinated children. This exposure, if anything, would be expected to dilute any differences between children who received OPV0 or no OPV0.
All background factors were evenly distributed between the 2 randomization groups and did not confound the results. OPV0 had the best effect among children enrolled early. Early enrollment could be a proxy for better socioeconomic status, as it is typically the more wealthy mothers who delivered at the maternity ward and were enrolled early. However, while it is difficult to imagine why OPV0 should be particularly beneficial for more privileged children, it seems plausible that OPV0 given earlyinto the almost sterile gut-would have more profound effects on the intestinal flora and thus the newborn immune system [32] . For instance, it was recently shown that children who received OPV0 and BCG within 48 hours of birth had higher excretion of the antimicrobial peptide human cathelicidin LL37 (P < .05) in stool at age 6 weeks than children vaccinated later [33] .
We have previously reported 2 natural experiments with OPV0: one in 2004 [24] , which was the reason for the present trial, and a smaller one in 2007 [30] . The results are not consistent. The first natural experiment showed that OPV0 was associated with increased male infant mortality; this was contradicted by the subsequent natural experiment, and by the present trial. Natural experiments with vaccines provide stronger evidence than observational studies based on self-selection to vaccines. Nonetheless, the divergent results suggest that the increased Figure 2 . Cumulative mortality curves during infancy for children randomized to BCG + oral polio vaccine (OPV) at birth or BCG only, overall (A), for boys (B), and for girls (C). Follow-up was censored at the first day of the national OPV campaigns. male mortality after OPV0 observed in 2004 was a chance finding. It should be noted, though, that one factor which has varied across the 3 studies is the intensity of OPV campaigns. In 2004 there were several campaigns, and none in 2007, but many during the present trial. Censoring for these campaigns made the results more comparable, as OPV0 tended to be most beneficial before additional OPV was given in campaigns.
In the 2007 study [30] , comparing OPV0 vs no OPV0 in children who were aged 0-2 days at the time of BCG vaccination was associated with an HR of 0.20 (95% CI, .07-.58). The present randomized trial supported the idea that OPV0 is beneficial when administered within 2 days of life. The first natural experiment in 2004 did not show the same tendency (C. S. Benn, unpublished data), and thus again seems to be an outlier.
Several previous studies have suggested that OPV might have a beneficial effect on child survival; for example, when DTP was missing in Guinea-Bissau, children who received only OPV had significantly lower hospital case fatality than children who received the recommended combination of OPV and DTP [19] . In a small randomized trial of OPV0 vs vitamin A to low-birthweight boys who did not receive BCG at birth, there was a nonsignificant 32% lower MRR for boys randomized to OPV0 [34] .
The present trial contradicted our initial hypothesis that OPV0 was associated with higher male mortality [24] . This hypothesis has also been contradicted in another natural experiment [30] . The present randomized trial is clearly the strongest evidence so far. When the effect of subsequent campaign OPV was excluded by censoring to estimate the "true" effect, OPV0 was associated with a borderline significant 32% reduction in infant mortality. A cautious interpretation, backed by the fact that other routine live attenuated vaccines have also been shown in randomized trials to harness beneficial NSEs [9] [10] [11] , seems to be that OPV0 administered with BCG in the first days of life lowers infant mortality. As there were no polio cases in Guinea-Bissau during the conduct of the trial, this effect is evidently nonspecific, possibly related to some form of innate immune training, as has previously been shown for BCG [35] .
CONCLUSIONS
The trial is the only randomized trial evaluating the possible impact of OPV0 on survival. Administration of OPV0, particularly in the first days of life and in the absence of OPV campaigns, may have a marked beneficial impact on infant survival. The global health community intends to replace OPV with inactivated polio vaccine in the endgame for polio because the attenuated virus in OPV can, in rare cases, cause vaccine-associated polio paralysis. If OPV0 has beneficial nonspecific effects, this strategy may have negative effects on overall survival. Hence, there are reasons to monitor early mortality when OPV is phased out or replaced with inactivated polio vaccine.
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